A rigid-flexible parallel mechanism called 3-RXS mechanism as a neck brace for patients with head drooping symptoms (HDS) is presented. e 3-RXS neck brace has a simple and light structure coupled with good rotation performance, so it can be used to assist the neck to achieve flexion and extension, lateral bend, and axial torsion. Firstly, to prove that the X-shaped compliant joint has a rotational degree of freedom (DoF) and can be used in the 3-RRS spherical parallel mechanism (3-RRS SPM), the sixdimensional compliance matrix, axis drift, and DoF of the X-shaped compliant joint have been systematically calculated. Secondly, the 3-RXS mechanism and its pseudo-rigid-body model (PRBM) are obtained by replacing the revolute pair with the X-shaped compliant joint in the 3-RRS SPM. e rotation workspace of the 3-RXS mechanism is also performed. Finally, to verify the rotation function and effect of 3-RXS mechanism for neck-assisted rehabilitation, the kinematics simulations of the 3-RXS and 3-RRS mechanisms are carried out and compared with the theoretical result, and a primary experiment for rotation measurement of 3-RXS mechanism prototype is carried out. All results prove the feasibility of the 3-RXS mechanism for a neck brace.
Introduction
Several neurological diseases such as amyotrophic lateral sclerosis (ALS), Parkinson's disease (PD), and primary lateral sclerosis (PLS) can result in head drooping syndrome (HDS), which is correctable by passive neck extension [1] . e static neck braces are usually used to help patients support their heads. Most of the neck braces consist of an anterior chin support, such as Aspen Vista and Head Master, which causes the patients to have difficulties in breathing and speaking. To improve the breathing capacity, a neck brace using forehead attachment is proposed [2] . Because of the comfort and availability, power wheelchair is a popular brace for patients with HDS, but it is too heavy to carry [3] . A 6-DoF exoskeleton for head and neck motion assist was developed, which can relieve head burden and generate extra head motion assist [4] . A spring-loaded dynamic neck brace can provide restoring forces to the head as it is displaced from the equilibrium configuration [5] [6] [7] .
However, current braces are mainly static or rigid, which causes difficulty in breathing and has a movement impact resulting in increasing the likelihood of secondary neck injury. erefore, it is necessary to develop a compliant neck brace. e compliant mechanism is a new type of assemblyfree mechanisms that use compliant joints to replace the joints in conventional mechanisms and utilizes elastic deformations of compliant joints to transmit force or energy [8] . Compliant mechanisms are widely applied in precision instruments, force or displacement amplifiers, flexible micropositioning mechanisms, and medical rehabilitation mechanisms because of its simple structure, no lubrication, no gap, no friction, simple processing, and high precision [9] [10] [11] [12] [13] [14] [15] [16] . For example, a modified lever displacement amplifier is proposed for the novel 2-DoFs compliant mechanism design in a piezodriven flexure-based nanopositioning stage [17] . e design and manufacturing processes of a new piezoactuated XY stage with integrated parallel, decoupled, and stacked kinematics structure for micro/nanopositioning application are presented [18] . In general, the design methods of compliant mechanisms can be divided into rigid body replacement method, degree of freedom and constrained spatial topology synthesis (FACT) method, topology optimization method, module method, and so on. e analysis methods of compliant mechanisms can be divided into pseudo-rigid-body model method, structural matrix method, finite element method, and so on [19] [20] [21] [22] . Considering simplicity and convenience, the rigid body replacement method is used to obtain a compliant mechanism in this paper. Due to its characteristics of simple structure and good flexibility, the 3-RRS spherical parallel mechanism (SPM) is chosen as the rigid mechanism [23] [24] [25] [26] [27] .
Many research studies have concerned about the design and analysis of compliant joints. Traditional compliant joints can be commonly divided into two types. One is the notched joint whose integrated design often makes the motion range very small and is more suitable for micromanipulation robot [28] [29] [30] [31] . e other is the leaf spring joint mostly used for large deformation [32] [33] [34] . Although each of these compliant joints has its own characteristics, it is difficult to meet the requirements of axis drift, stroke, precision, and technological properties at the same time. Most compliant joints have problems such as large axis drift, small offaxis stiffness, complex structure, and so on. Yu and Li designed and fabricated an X-shaped compliant joint and applied it to a 3-RRR plane mechanism for experimental research [35] . It was concluded that the X-shaped compliant joint has the advantages of large rotation angle, small axis drift, and simple structure, and it could be used to replace a revolute pair in a plane mechanism.
However, Yu and Li had not made a specific theoretical analysis for the X-shaped compliant joint. Whether the X-shaped compliant joint can be applied to more compliant mechanisms, especially spatial mechanisms, needs further verification. erefore, this paper attempts to verify that the X-shaped compliant joint can be applied to a spatial 3-RRS parallel mechanism for a neck brace, and it still has the advantages of large rotation angle and small axis drift. erefore, the X-shaped compliant joint is used to replace the revolute pair connecting the active and passive rods in a 3-RRS SPM in this paper. e main line of this paper is as follows: (i) the compliance matrix, axis drift, and degree of freedom of the X-shaped compliant joint are firstly derived and verified, which decide whether X-shaped compliant joint can be used to replace the intermediate revolute pair of the 3-RRS spatial mechanism; (ii) the 3-RXS mechanism for a neck brace is designed and analyzed, where the rotation workspace and kinematics simulation are carried out to validate the feasibility in assisting the neck flexion and extension, lateral bending, and axial torsion; (iii) the effect of the 3-RXS mechanism prototype for neck-assisted rehabilitation is preliminarily shown; and (iv) the conclusion is given.
Analysis of X-Shaped Compliant Joint
Since the actual function of large rotation angle and small axis drift of the X-shaped compliant joint had been confirmed from experiment in a 3-RRR planar mechanism [35] , this paper mainly focuses on its function in a spatial mechanism from theory and simulation.
Referring to Figure 1 , X-shaped compliant joint is mainly composed of two equal sheets whose centers are fixed together. According to the rule that the position of the rotation center of the revolute pair after the replacement is the same as before, the structural parameters of the X-shaped compliant joint are chosen as follows: R � 10.5 mm, α � 120°, b � 6 mm, t � 1 mm, l � 16.45 mm, l 1 � 4.13 mm, and h � 11.5 mm.
Yu and Li mainly carried out structural design and experimental measurement of the axis drift on the X-shaped compliant joint. ey found that when the X-shaped compliant joint rotates from − 45°to 45°, the position error of the rotation center is only 0.3717 mm, and the precision is relatively high. e six-dimensional compliance matrix, axis drift, and DoF of the X-shaped compliant joint need to be calculated systematically to verify whether the X-shaped compliant joint has a rotational DoF and small axis drift, which decide whether it can be applied to replace the R-joint in the 3-RRS spatial mechanism.
At present, the research on the spatial compliance matrix of the leaf spring joint is still few. In order to apply the X-shaped compliant joint to the spatial mechanism, this paper uses the integral method to derive the six-dimensional compliance matrix for the X-shaped leaf spring compliant joint.
is paper solves out the compliance matrix of a quarter curved plate firstly and then connects all quarter curved plates in series and parallel to get the whole sixdimensional compliance matrix of the X-shaped compliant joint. In addition, the DoF of the X-shaped compliant joint is analyzed based on the compliance matrix.
Calculation and Analysis of the Compliance Matrix.
e beam deformation theory is used to calculate the compliance matrix of the X-shaped compliant joint. As shown in Figure 2 , the X-shaped compliant joint can be regarded as a cantilever beam with one end fixed and the other end free, which can be bent, axially stretched, sheared, and turned round subjected to the action of the six-dimensional unit force F. e relationship between force and deformation can be expressed as Mathematical Problems in Engineering
where F is the six-dimensional unit force, X is the six-dimensional deformation, and C X is the compliance matrix of the X-shaped compliant joint:
As shown in Figure 2 , the coordinate system XYZ is established at the end of the X-shaped compliant joint, and the compliance matrix can be expressed as follows:
e X-shaped compliant joint can be regarded as composed of the left half and the right half in series. e left half and the right half are composed of two quarters of the curved plates in parallel.
Firstly, the compliance matrix of the quarter of the curved plate is derived. As shown in Figure 3 
Each item in equation (4) is derived from the beam deformation theory considering the actions of force and moment. e elastic deformation of the compliant joint is mainly realized by the curved plate. It is assumed that the left end of the compliant joint is fixed, and the moment subjected to the rotating center of the compliant joint is M z . e angle of the right end around the z-axis is α z . e deformation is mainly concentrated in the curved, so the deformation of the rest structure is ignored.
A microelement with the rectangular section is taken at the curved. e specific structural dimensions are shown in Figure 3 , including height a, width b, and the thickness du. Since the size of the curved plate is much smaller than the overall structural size of the mechanism, for the convenience of analysis, the moment on each microelement is regarded as a constant M z and the angle of each microelement is dα z . e deformation and compliance calculation processes are as follows:
e angular deformation dα z of the microelement along the z-axis under the action of the moment M z is
where E is the modulus of elasticity of the material and I z is the moment of inertia of the microelement along the z-axis, which is given as
erefore, 
e angular displacement α z generated by force F y is equivalent to the angular displacement generated by the bending moment F y rsinλ, which can be expressed as
erefore,
Similarly, other elements in the compliance matrix can also be derived and are shown in the Appendix. e compliance matrix C 1/4 at the end coordinate o 1 -x 1 y 1 z 1 of the quarter of the curved plate is
where N 66 , N 26 , N 55 , N 35 , N 22 , and N 33 are shown in the Appendix.
If the joint is divided into two identical parts from left to right, each part can be regarded as the connection of upperleft semicurved plate and lower-left semicurved plate in parallel. As shown in Figure 4 , four coordinate systems are set up, where o 1 -x 1 y 1 z 1 and o 2 -x 2 y 2 z 2 are the coordinate systems of the upper-left semicurved plate and lower-left semicurved plate, and O-XYZ and O 2 -X 2 Y 2 Z 2 are those of the left part and the right part, respectively. e compliance matrix of the left part of the X-shaped compliant joint in the central reference coordinate system O-XYZ is
where Ad 1 is the transformation matrix from the coordinate system o 1 -x 1 y 1 z 1 to O-XYZ and Ad 2 is the transformation matrix from the coordinate system o 2 -x 2 y 2 z 2 to O-XYZ, which are given as follows: 
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e whole X-shaped compliant joint is the connection of two parts in series, and the compliance matrix of the X-shaped compliant joint in the end reference coordinate system o p -x p y p z p is
where Ad 3 is the transformation matrix from the coordinate system O-XYZ to o p -x p y p z p and Ad 4 is the transformation matrix from the coordinate system O 2 -X 2 Y 2 Z 2 to o p -x p y p z p , which are given by
erefore, the rotational compliance of the X-shaped compliant joint around the z-axis is
It can be seen from equation (17) that the rotational compliance C z of the X-shaped compliant joint around the zaxis is related to the width (b), the inner diameter (r), the outer diameter (R), the thickness (t), and the half of the center angle and the material. e relationship between the structural parameters of the curved plate and the rotational compliance C z of the X-shaped compliant joint is analyzed and is shown in Figure 5 .
It can be seen that the rotational compliance of the X-shaped compliant joint decreases as the width b and the thickness t of the curved plate increase. e rotational compliance increases with increasing the half of the central angle λ m . e thickness t and the half of the central angle λ m have a greater influence on the rotational compliance than the width b. It is because t and λ m determine the size of the weakest structure of the compliant joint, where it has the greatest influence on the rotational compliance of the X-shaped compliant joint. e relationship between the rotational compliance and the structural parameters of the X-shaped compliant joint is obtained through the analysis of the compliance matrix, which is helpful for the optimization of joint structural parameters.
Calculation and Analysis of the Axis Drift.
When the end of the X-shaped compliant joint is only acted on M z , the radius of the parasitic error circle is used to analyze the axis drift, and equation (15) can be further simplified to
According to equations (18) and (19), it can be seen that the X-shaped compliant joint will generate parasitic motion δ y while generating the rotation θ z in functional direction under the action of M z . Furthermore, the radius of the parasitic motion error circle in the x-axis direction is obtained as follows:
where
e ideal center of the parasitic error circle is the intersection of the two curved plates, and the radius is rsinλ m + l 1 . For the convenience of analysis, the radius of the parasitic error circle in the x-axis, expressed as equation (20), is dimensionalized to one, that is, Mathematical Problems in Engineering erefore, the total radius of the parasitic error circle in the x-axis direction is
When the width b of the curved plate is 6 mm, take the thickness t of the curved plate as 0.8 mm, 1.0 mm, 1.2 mm, and 1.5 mm, respectively and obtain the relationship curve, which represents the variation of the radius of the parasitic error circle with the half of the center angle λ m and thickness t, as shown in Figure 6 .
It is obvious that (1) e parasitic error circle radius of the X-shaped compliant joint is independent of the thickness t of the curved plate. (2) e parasitic error circle radius of the X-shaped compliant joint first increases and then decreases with the increase of the half-central angle λ m of the curved plate. When λ m is 0.9874 rad, that is, about 56.5716°, the radius of the parasitic error circle decreases to the minimum value 0.14717 mm, and the X-shaped compliant joint has the highest rotation precision.
In summary, the thicker the X-shaped compliant joint is, the larger the central angle it has, and the greater the rotational compliance is. e axis drift is the smallest, and the X-shaped compliant joint has the highest rotation precision when half of the central angle is about 56.5716°. erefore, take half of the central angle λ m and the thickness t of the curved plate as 60°and 1 mm, respectively. e structural parameters of the X-shaped compliant joint are shown in Table 1 .
Calculate equations (1)∼ (15) , and the compliance matrix of the X-shaped compliant joint can be obtained as follows: 
Calculation and Analysis of the Degree of Freedom.
e compliance matrix of the X-shaped compliant joint lays a foundation for the following calculation and analysis of the DoF of the X-shaped compliant joint. Among the six main diagonal elements in equation (24), the dimension of the mobile compliances Δ x /F x , Δ y /F y , and Δ z /F z is one, and the dimension of the rotational compliances α x /M x , α y /M y , and α z / M z is L 2 , which cannot be directly compared. Based on the compliance matrix, the degree of freedom of the X-shaped compliant joint is calculated by the analytical method proposed by Yu et al. [36] . e eigenvalues and eigenvectors of the compliance matrix C X expressed as equation (24) 
Mathematical Problems in Engineering e rotational compliance is divided by l/(EI z ), while the mobile compliance is divided by l 3 /(EI z ) λ diag 8.6102 × 10 − 5 1.6785 × 10 − 1 6.2106 × 10 − 4 1.1946 × 10 − 2 1.0690 × 10 − 2 5.9115 × 10 − 4 .
e ratio of each eigenvalue λ i to λ max can be calculated. If the value of |λ i /λ max | is far less than 1, the eigenvalue λ i is assigned a value of zero: After processing, the number of nonzero eigenvalue is the number of degree of freedom of the X-shaped compliant joint. So, the X-shaped compliant joint has one degree of freedom.
e eigenvectors corresponding to zero eigenvalue are found out and form the constrained screw space of the X-shaped compliant joint:
According to duality of freedom space and constrained space, the freedom space of the X-shaped compliant joint can be obtained as
which shows that the X-shaped compliant joint has a rotational degree of freedom, whose axis is parallel to the zaxis, and passes through the point (− 1.2356 × 10 − 2 , 0, 0) T . Note that the coordinate of point O is (− r × sinλ m − l 1 , 0, 0) T , which equals (− 1.2357 × 10 − 2 , 0, 0) T . e coordinate of the rotation center calculated theoretically is basically consistent with that of the ideal model. e relative error is shown as follows:
is error is mainly due to the integral calculation. erefore, the rotation axis of the X-shaped compliant joint is considered to be along the z-axis and passes through point O.
ANSYS Simulation of X-Shaped Compliant Joint
ANSYS Workbench is used to develop a model for the X-shaped compliant joint. e elastic modulus is 520 MPa, and Poisson's ratio is 0.4. A hexahedral mesh is created for the X-shaped compliant joint model, and a fixed constraint is added to the left end. e unit force of F x � 1 N, F y � 1 N, and F z � 1 N and the unit torque of M x � 1 N·m, M y � 1 N·m, and M z � 1 N·m are added, respectively, at the center of the right end. After loading, the X-shaped compliant joint is fixed at the left end and rotated at the right end. e compliance matrix of the X-shaped compliant joint is obtained as 
e comparison of theoretical calculations with finite element simulation results is shown in Table 2 .
It is found that the theoretical calculation results of the compliance matrix are basically consistent with the ANSYS simulation results under the same structural parameters, and the maximum error is 10.709%, which demonstrates the correctness of the compliance formula. e theoretical results are slightly different, which is attributed to the simplified model in theoretical calculation, where only the deformation of the curved part is considered. So, the rotational compliance obtained by theory and simulation will be slightly biased. e maximum rotation angle connecting the active rod and the passive rod is about 28°. So as the replacement joint, the maximum rotation angle of the X-shaped compliant joint is designed as 30°. ANSYS simulation is used to verify whether the X-shaped compliant joint would rotate 30°. When the X-shaped compliant joint rotates 30°, the required torque is as follows:
In the ANSYS Workbench, the X-shaped compliant joint is fixed at the left end, and the right end is applied to the bending moment M z around the z-axis for simulation. e result is shown in Figure 7 .
From Figure 7 , it is clear that when the X-shaped compliant joint rotates 30°, the maximum stress is 23.477 MPa, which occurs at the connection of two curved plates, and the safety factor is 1.461. In addition, through the finite element simulation, the X-shaped compliant joint can rotate about 43°at the maximum.
To verify the DoF of the X-shaped compliant joint, the first six-order natural frequency and mode shapes of the X-shaped compliant joint are obtained by the modal simulation, as shown in Figure 8 and Table 3 , which determine the number and the nature of DoF of the X-shaped compliant joint, respectively. Deformation From the rst six-order natural frequency of the X-shaped compliant joint, it can be seen that only the rst order natural frequency is much smaller, and there is a big di erence between the rst order natural frequency and other orders' natural frequency. So, the X-shaped compliant joint has only one degree of freedom. From the mode diagram, we can nd that the degree of freedom rotates around the z-axis.
In summary, X-shaped compliant joint can be used to replace the revolute pair connecting the active rod and the driven rod in the 3-RRS SPM. By changing the material and size of the compliant joint, the compliance of the 3-RXS mechanism can be also adjusted to meet the needs of di erent angles, compliance and strength rehabilitation stage.
e model of the compliant joint can be established based on the 1R pseudo-rigid-body model (PRBM), as shown in Figure 9 [37] . rough the rotational compliance of the X-shaped compliant joint, the sti ness of the torsion spring in the pseudo-rigid model of the 3-RXS mechanism is determined, which plays a key role in building the overall compliance model of 3-RXS mechanism. erefore, as shown in Figure 10 , the X-shaped compliant joint is regarded as the traditional joint with torsion spring whose rotational sti ness is K z :
The Design and Analysis of the 3-RXS Rigid-Flexible Parallel Mechanism for a Neck Brace
Most neck braces are static or rigid, which causes movement impact in assisting the head's movement. As thus, a rigidexible 3-RXS mechanism for a neck brace is developed. It utilizes elastic deformation of the X-shaped compliant joints to transmit force and absorb impact, which could make the neck brace more comfortable and safer during the rehabilitation exercise.
4.1.
e Design of the 3-RXS Rigid-Flexible Parallel Mechanism for a Neck Brace. In the 3-RRS SPM illustrated in Figure 11 , all of the three limbs are identical. e angle between the bottom joint and the middle joint and that between the middle joint and the top joint are both 90°. e orientation of the moving platform is expressed by Z-Y-X Euler angles (α, β, and c). Next, based on the rigid body replacement method, a new rigid-exible parallel mechanism called the 3-RXS mechanism (Figure 12) is designed by using the X-shaped compliant joints (Figure 1) to replace the middle joints in the 3-RRS SPM (Figure 11 ).
As shown in Figure 13(a) , the structure of the neck brace is designed preliminarily, which is composed of a base that rests on the shoulders, secured by a pair of straps, a headband worn around the forehead acting as an end-e ector, and three rotational X-spherical (3-RXS) chains locating at the back of the head, left shoulder, and right shoulder symmetrically. e numbers from 1 to 11 are the headband, the driven rod, the lift compliant joint, the right compliant joint, the behind compliant joint, the active rod, the decelerator, the motor, the base, head strap, and shoulder straps, respectively. From the 1R pseudo-rigid-body model of the X-shaped compliant joint, the pseudo-rigid-body model of the 3-RXS mechanism can be obtained as shown in Figure 13 (b).
e Rotation Workspace Analysis of the 3-RXS Rigid-Flexible Parallel Mechanism.
e kinematics of the PRBM is independent of the sti ness of the torsion spring.
us, the kinematics of the 3-RXS rigid-exible parallel mechanism is the same as that of the 3-RRS SPM. e inverse displacement analysis of the 3-RRS SPM has been carried out [24, 25] . To ensure the safety and obtain a neck brace with proper workspace, we focus on the analysis of rotation workspace. So, the results of the inverse displacement analysis are rewritten as shown in equations (34)∼(39).
As shown in Figure 13(b) , the position of each joint axis is represented by unit vectors l i , m i , and n i in limb i (i 1, 2, 3), respectively. e inverse displacement analysis is to solve three driving angles (φ 1 , φ 2 , and φ 3 ) for a given orientation X-Y-Z Euler angles (α, β, and c) of the moving platform:
R cβcc − cβsc sβ cαsc + ccsαsβ cαcc − sαsβsc − cβsα sαsc − cαccsβ ccsα + cαsβsc cαcβ n i � Rn i0 , (37) where i � 1, 2, 3 and δ i � 0, 2π/3, 4π/3. α 1 is the central angle of the curved link A i B i , α 2 is the central angle of the curved link B i D i , β 1 is the cone angle of the base, and β 2 is the cone angle of the moving platform.
where A i � cδ i sα 1 n ix + sδ i sα 1 n iy , B i � − sδ i cβ 1 sα 1 n ix + cδ i cβ 1 sα 1 n iy − sβ 1 sα 1 n iz , C i � sδ i sβ 1 cα 1 n ix − cδ i sβ 1 cα 1 n iy − cβ 1 cα 1 n iz − cα 2 .
where θ i (i � 1, 2, 3) is the rotation angle of the motor, θ 0 is the initial angle of the motor, and φ i is the input angle of the motor. e 3-RXS mechanism has three rotational degrees of freedom.
e rotation workspace is studied in the subsequent content.
A modified Euler angle shown in Figure 14 is used to describe the three-dimensional rotations of the mechanism. e rotation matrix in this case is
where s * and c * are the sin( * ) and cos( * ), respectively. e following two constraints are considered to influence the size of the workspace of the 3-RXS mechanism.
Angular Constraint of Kinematic Pairs.
e constraint conditions of the kinematic pairs can be expressed as follows:
where φ i is the input angle of the active rod, φ min is the minimum input angle of the active rod, φ max is the maximum input angle of the active rod, φ ci is the rotation angle of the spherical pair, φ cmin is the minimum rotation angle of the spherical pair, and φ cmax is the maximum rotation angle of the spherical pair.
Interference Constraint of Rods.
e rod constraints between different branches can be expressed as
where D is the thickness of active rods and the passive rods, D zi is the shortest distance between active rods in adjacent branches, D ci is the shortest distance between passive rods in adjacent branches, and D zci is the shortest distance between passive and active rods in adjacent branches. e position of the center point p of the moving platform in the fixed coordinate system is obtained as
where R 1 is the spherical radius of the passive rod and the active rod. According to equations (32)∼(42), the rotation workspace of the mechanism can be directly obtained. A cylindrical coordinate system is used to search the reachable workspace of the mechanism with geometric parameters α 1 � α 2 � 90°, β 1 � 60°, and β 2 � 45°, as shown in Figure 15 .
From the workspace, we find that the 3-RXS mechanism for the neck brace can assist the neck to achieve flexion and extension, lateral bending, and axial torsion. e workspace is a part of spherical surface and has a large range.
e Kinematics Simulation of the 3-RXS Rigid-Flexible
Parallel Mechanism. To verify the kinematics analysis and to show the feasibility of the 3-RXS mechanism for neck rehabilitation, the kinematics simulations of the 3-RXS mechanism and the 3-RRS mechanism have been carried out and compared with the theoretic kinematics as well. e rotation range of the neck is from − 45°to 45°, and the motion range of the neck brace can be initially set from Mathematical Problems in Engineering − 30°to 30°to avoid excessive exercise [38] . According to equations (34)∼(39) of the 3-RRS SPM, the three rotation angles of drive motors can be, respectively, obtained when the mechanism assists the patient to achieve the exion and extension, lateral bend, and torsion. e same drivers are applied to the 3-RXS mechanism for kinematics simulation. e simulation rotation curves of driving motors in the 3-RXS mechanism and 3-RRS mechanism changing with time are shown in magenta dotted lines and blue dotted lines, respectively. e theoretic curves of kinematics analysis are shown in red solid lines, as shown in Figure 16 .
It can be found that during the exion and extension, lateral bend, and torsion, the rotation curves of the 3-RRS mechanism obtained by simulations basically coincide with that of theoretic analysis.
e angle derivation appears between the theoretic and simulation curves of the 3-RXS mechanism due to the a ection of gravity and simpli cation of the pseudo-rigid-body model.
As shown in Figure 16 , the 3-RXS mechanism can rotate about − 19°to +17°during the exion and extension, − 15°to +20°during the lateral bend and − 32°to +25°during the torsion. e ranges of rotations of the 3-RXS mechanism can basically meet the requirements of the neck rehabilitation exercise, which also proves the feasibility of the 3-RXS mechanism for the neck brace.
Besides, because of the existence of the X-shaped compliant joint, the 3-RXS mechanism generates vibration in start-up moment. e above deformation and vibration characteristics are re ected in the movement of the compliant joint, which is the unique property of the compliant part. e deformation can absorb the impact during the rehabilitation process and make the rehabilitation exercise more comfortable. e vibration may be reduced from the aspects of structural design, material selection, drive selection, and so on. 
Effect of the 3-RXS Mechanism Prototype as a Neck Brace
In order to intuitively reflect the main function of the 3-RXS mechanism as a neck brace, a prototype corresponding to Figure 13 (a) has been made, as shown in Figure 17 . In addition, six postures are given in which the human body wears the mechanism prototype, and the rotation angles are simply measured, as shown in Figure 18 . From the example measurements in Figure 18 , the maximum rotation angles of the 3-RXS mechanism are about flexion 22°and extension 25°, lateral bend 20°, and torsion 28°, which indicates that the 3-RXS mechanism can basically meet the requirements of the neck rehabilitation exercise. In addition, by virtue of restoring deformation energy, the 3-RXS mechanism can be applied to not only passive rehabilitation training but also active self-adaptive training.
At present, this research work only builds a simple 3-RXS mechanism prototype for neck rehabilitation mechanism. And, we carry out a simple measurement of the rotation angles, which initially reveals that the 3-RXS mechanism can be applied to neck rehabilitation. e further research studies such as dynamics analysis, prototype construction, and experimental testing are underway.
Conclusions
A rigid-flexible parallel mechanism called the 3-RXS mechanism as a neck brace is presented. e spatial compliance matrix, axis drift, and DoF of an X-shaped compliant joint are deduced, where the six-dimensional compliance matrix is derived by solving the quarter compliant joint with the microintegral method firstly and then connecting it in series and parallel. It is concluded that the X-shaped compliant joint can be used to replace the revolute pair in the 3-RRS SPM and then a 3-RXS rigid-flexible parallel mechanism is obtained. Rotation workspace of the 3-RXS mechanism is analyzed, which indicates that the 3-RXS mechanism can assist the neck to achieve flexion and extension, lateral bend, and axial torsion. By the comparison of rotation curves from theoretic analysis and simulation of the 3-RXS mechanism, it is shown that the motion trends are same, and the 3-RXS mechanism can rotate from − 19°to +17°during the flexion and extension, from − 15°to +20°during the lateral bend, and from − 32°to +25°during the torsion, which basically meets the needs of neck rehabilitation.
A simple 3-RXS mechanism prototype is made, and a primary rotation experiment for angle measurement is performed, which preliminarily shows the effect of the 3-RXS mechanism for a neck brace. e further research studies such as dynamics analysis, prototype construction, and experimental testing will be considered in our future work. 
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